The use of robots in undergraduate classrooms has seen a boom in recent years due to the universal appeal of robots, and the applicability of robot systems to preparing students for career paths in computer science, robotics and intelligent systems, as well as for teaching fundamental engineering and programming concepts in a fresh way. At our University, a novel robot platform was developed in 2008 as part of a funded outreach project, applicable to both K-12 outreach and university level instruction. The robot platform, named the CEENBoT, became a central learning platform for instructing K-12 math and science teachers in a large educational robotics project and was simultaneously adopted into the Freshman and Sophomore curriculum in the department of Computer and Electronics Engineering (CEEN), one of the key partners in the outreach project.
In the CEEN department, use of the CEENBoT was proliferated through a progression of undergraduate courses as an active learning component in teaching students fundamental computer and electrical engineering topics with a goal of providing additional hands-on engagement. Most often, this included at least one lab or project using the CEENBoT platform in each course. As part of this adoption, an existing course, Introduction to Robotics, was modified to include topics in mobile robotics and include exercises with the CEENBoT. It was offered one time. To test the effectiveness of this course, at the end of this course offering, a focus group study was conducted to gather student feedback over a wide range of discussion topics about the course. This feedback was analyzed and used to provide guidance for a future and final iteration of the course. The focus group results indicated important directions for the next iteration of the course. The results of this initial study were published and presented in a paper at the ASEE National Conference and Exposition in summer 2010.
In 2010, the final iteration of a newly titled Mobile Robotics I course and lab was created to directly address these issues. It was dedicated to mobile robotics concepts with newly designed labs and an extensive suite of custom firmware developed to make the CEENBoT useful for teaching advanced robotics topics. This paper describes the innovations that were created for this course and the subsequent student feedback that has been obtained through several years of teaching the course, including 2010, 2011, and 2013. Student feedback was obtained through an anonymous internet-based survey instrument at the end of each semester, and was reviewed by the instructor after course grades were turned in. The feedback over the three years has validated the course design, and shown the effectiveness of using student focus group feedback for providing excellent direction in course refinement and creation. Finally, this paper illustrates hurdles overcome in designing a robotics course that is both effective for student learning and based upon a novel mobile robot platform. This paper is organized into the following sections: Background: The Need for a Mobile Robotics Course, Mobile Robotics Course Goals, Course Innovations, Analysis of Student Feedback, Reflections, and Conclusion.
Background: The Need for a Mobile Robotics Course
The Mobile Robotics course was developed as part of a progression of educational robotics initiatives birthed on our campus from 2005 to 2013. A brief overview of these initiatives is first given to provide the motivation and context for the creation of this course and its design elements (Figure 1 ).
In 2005, the idea of using robotics to increase students' success, persistence and engagement was introduced into our department with an NSF funded project to adapt and augment the TekBoT® mobile robot platform developed at Oregon State University to the undergraduate curriculum from freshman through senior year in a vertically integrated manner. [1] By the end of this vertical articulation project spanning 2005 -2008, the TekBot was completely integrated into the freshman year sequence, in one sophomore lab, and in one junior level experiment. [2] In this project, it was discovered that the TekBot was not well suited for the department's upper level classes. [2] As a result of this discovery, in 2008, a team of students and faculty came up with a new design for a brand new robot learning platform. The attributes of this new platform, the CEENBoT™, included greater flexibility, ability to use parts from hobby stores, more robust mechanical construction and higher reliability. [2] During the same time, the department became integrally involved in a collaborative NSF ITEST funded project which sought to adapt the TekBot to the middle school level for teacher professional development. [3] The project, called SPIRIT, for Silicon Prairie Initiative for Robotics in IT, employed TekBots as a fundamental strategy for problem-based instructional activities and curriculum development, and after its creation, the CEENBoT™. The work in K-12 robotics activities based on the CEENBoT™ continued with follow-on funding from an NSF Discovery K-12 grant, called SPIRIT 2.0. SPIRIT 2.0 set out to capitalize upon the creativity and ingenuity of the teachers who had been successfully trained in the SPIRIT project to develop an extensive middle school curriculum for teaching STEM concepts. [6] The curriculum was based upon problem-based activities with the CEENBoT™, and produced over 300 free lessons and led to a large statewide K-12 robotics showcase, the Nebraska Robotics Expo. [7, 8] The CEENBoT™ also came to replace the TekBot in the vertical integration model in the department as well. Each entering freshman received parts to build Figure 1 a CEENBoT in their first CEEN course. Students owned their CEENBoT and took it with them as a learning platform throughout subsequent years of the CEEN program.
To support the initiatives using the CEENBoT™ in K-12 settings and at the University, a series of custom Computer Interface Innovations were soon created by a team of students and faculty which transformed the CEENBoT from a primarily remote controlled platform to one which could be easily programmed for autonomous operation by users in K-16. This allowed greater functionality and provided programming interfaces suitable for elementary students all the way to University level .* [5] The CEENBoT™ platform itself also received a design revision from the original student-conceived version to further increase its robustness, battery life and to simplify control. [4] As an extension of these initiatives, a technical elective sequence in robotics was proposed for the department. Introduction to Robotics, a senior level elective course, was created and first taught in 2006. It focused on kinematics and industrial manipulator robotics.
In fall 2009, Introduction to Robotics was updated to include activities with the newly redesigned CEENBoT v. 2.2 that had begun to be used in the department's vertical integration plan. This was an experimental course with course content that combined half manipulator robotics and half mobile robotics content.
A focus group study was conducted at the end of this course to gather extensive feedback on students' experiences and perspectives of this mixed robotics course and on the use of the CEENBoT. The focus group results indicated * CEENBoT™ Computer Interface Innovations include:
The CEENBoT™ Application Programming Interface (API) -a custom suite of C -programming functions designed to interface with the CEENBoT, a TI Graphing Calculator Programming Interface, and CEENBoT™ Commander, a drag and drop graphical programming environment.
important directions for the next iteration of the course, and included the following: [4] • Students felt the course seemed like two separate courses: offer a separate course in Mobile Robotics.
• Students thought the CEENBoT was an improved platform over the TekBot, that it was a very worthy effort to integrate it into the CEEN program, and it motivated them to do more with robotics.
• Students thought the lab exercises accompanying the course should be included as a separate laboratory credit.
• Students voiced frustration that the labs seemed untested and held the view that the CEENBoT still had some "significant technical problems with it" and it needed to be more fully ready for integration into the instructional aspects of the program. This was due to the newness of the untested platform and the experimental nature of the first integration of the CEENBoT in this class with newly created labs.
• Finally, some students felt the labs were difficult due to rusty C programming skills, particularly for the Electronics Engineering students, whose core courses required less embedded programming.
As a result of this experimental robotics course, 4 new labs were vetted and the first field test of the CEENBoT v. 2.2 platform was successfully accomplished, and valuable feedback was obtained from the students from this focus group initiative. The next course, Mobile Robotics I, was created based on this feedback.
Mobile Robotics Course Goals
A new Mobile Robotics course was created in fall 2010 to offer a better learning experience for students. The goals of this new course included addressing all areas of feedback from the focus group as well as creating a cohesive set of course objectives to provide a foundation in mobile robotics. Mobile Robotics I was designed as a 4 credit hour junior elective with a 1 credit hour lab section based on the CEENBoT, and had the following course description:
This 4 credit hour special topics course will provide an introduction to the primary issues spanning the field of mobile robotics, including robotics history, components (sensors, actuators), design considerations, and control architectures.
The lab will focus on the practical implementation of autonomous robot control on a real mobile robot using reactive and behavior-based methods.
Another important goal was to design the course in a way that maximized the CEENBoT™ platform to achieve a meaningful and valuable laboratory experience that also complemented and enhanced lecture topics. Freshman year, students soldered together their CEENBoTs while being introduced to basic electric circuit principles, then they learned to program the CEENBoT with microprocessor programming in assembly and an introduction to the C language. In a junior level course, they fitted the robots to play a game of laser tag. Beyond this, students did not do much more with adding sensors or intelligence to their robots. This new course would provide the advanced experiences with the CEENBoT, by adding an extensive sensor suite, applying a robotics intelligence methodology, and teaching a robust programming structure that would equip robots with the intelligence to choose between multiple goals autonomously, while supporting and illuminating lecture content. With a new focus for the course defined, there were several hurdles that had to first be overcome:
• The redesigned CEENBoT v. 2.2 had been field tested in the previous course, and still needed some bugs fixed.
• There were no tools to support extensive programming of the CEENBoT's hardware and electronics using the C programming language. This included tools to seamlessly interface with the CEENBoT's electronics, stepper motors, servo motor ports, etc.
• A robot intelligence architecture that could be implemented on a limited memory, 8 bit microcontroller like the one onboard the CEENBoT that would not require an operating system, or additional processing power was needed.
• Additional labs that complemented lecture topics were needed for the lab section.
A handful of minor glitches were uncovered with the expected operation of the CEENBoT during the fall 2009 labs. These were quickly resolved during the semester by the CEENBoT development team. At the end of this semester, the instructor provided a list of technical enhancements to address in future versions. These remaining enhancements were soon implemented on the CEENBoT as version 2.21. With the technical bugs addressed, the enhanced platform, shown in Figures 2 and 3 , was ready for robust integration into the new course.
To address the remaining needs of the Mobile Robotics I course, several important course design elements were created. 
Course Innovations
To address the remaining needs of the Mobile Robotics course, a number of developments occurred to support the unique application of this custom robot platform that had been successfully applied in K-12 STEM learning environments to equip it for teaching robotics at the University level. The course innovations created for this course included: (a) the development of a suite of 7 robotics labs designed for the CEENBoT, (b) the creation of an extensive C-programming library to interface with the CEENBoT's electronics, and (c) the creation of a behavior-based control programming structure to equip the CEENBoT with an intelligence control architecture on the robot's limited memory 8 bit microcontroller. These will each be addressed in turn. † First, a suite of 7 labs was custom-developed for the course around the CEENBoT. In the lab, students implemented reactive and behavior-based control techniques to achieve autonomous control objectives with the CEENBoT. Six sensors in addition to the onboard IR proximity sensors were installed and integrated onto the robot in the lab with robust performance results. The sensors that were added to the CEENBoT included (at a total cost of $75 per robot): 2 light sensors constructed by students using photocells ($5), 1 ultrasonic sensor ($30), 1 DC servomotor and mounting bracket for the ultrasonic sensor ($30), and 2 analog infrared line sensors ($10). The labs developed for the course were as follows: The first 4 labs were done as individual assignments to encourage each student's acumen with programming the hardware. The remaining labs were done in teams of two to allow students to collaborate and work together on more advanced goals. When possible, teams consisted of an electronics engineering student paired with a computer engineering student. Examples of student projects are shown below.
Wall Following with PID control:
Light Sensing: Braitenberg's Vehicles:
Secondly, an Application Programming Interface (API) for C programming was created as a custom suite of C functions designed for interfacing with the CEENBoT's hardware. This was used in lab as a building block for student programming exercises. This was essential in that it allowed students to interface with the robot's hardware, including its stepper motors, while allowing students to focus on higher level programming objectives. CEENBoT-API allowed users to immediately focus on robot programming objectives and considerably diminish the learning curve required for low-level bare-metal programming on a new robot platform. [5] The provision of this API did not preclude students from writing their own low level code, however, given the focus of the course on making robots intelligent, use of the API facilitated their focus on this higher goal.
Support for student C programming acumen was provided by the CEENBoT API "Getting Started" guide and a more in-depth 130 page "Programmer's Reference Manual" that contains descriptions of all available functions and code examples. A review of advanced C programming tools was given in lecture.
Lastly, a behavior-based control (BBC) skeleton C program was designed as the final major innovation and was provided to students as a framework for constructing modular BBC programs. The motivation for its creation was to give students the ability to have the robot address multiple goals at once (such as seek a goal and avoid obstacles). The robot needed to make intelligent decisions about its actions based on sensor inputs and goals. Instead of doing this with an organic method of coding that can difficult to debug, scale, and append, it was important to provide an effective modular structure to the robot intelligence students implemented. This was made possible by implementing a behavior-based robot control architecture. Other robot control architectures such as deliberative and hybrid require a planning and world modeling component. The limited memory 8-bit microcontroller that existed on the CEENBoT would not support such, but behavior-based control presented an opportunity.
Behavior based control of robots was made famous by Rodney Brooks when he created the Subsumption Architecture in the 1980's at MIT. This paradigm for controlling robots was revolutionary in its treatment of the three robot primitives -sense, plan, and act, which up until that time involved a heavy planning and world modeling component. Behavior based control programs did not rely on planning, but they separated the robot's brain into modular behaviors that were triggered by sensor inputs. The output of the behaviors sent commands to the actuators, and these commands could be suppressed by other behaviors. The simplest manner in which to choose which behavior the robot executes at any time is to list behaviors in an order of priority. The behaviors cooperate in that any behavior can be executed at any time, if the right sensor conditions exist, based upon a fixed priority order. In this way, cooperative multitasking and fixed priority arbitration are implemented.
A BBC skeleton program was created to provide this modular framework for students to write their own behavior-based control programs, without which over half of the course topics could not have been implemented in the lab. The program created modular robot control programs that were easy to debug, modify, add and remove robot functionality.
The creation of a BBC structure for the CEENBoT allowed for the realization of an intelligent robot control structure on a limited memory, single microcontroller controlled robot. In addition, the code made use of some advanced C language constructs, including structures, pointers and custom types, which students were required to understand and use, thus enhancing their exposure to C programming tools.
The students first studied how this code worked and used it for the remainder of the course to control their robots by adding their own sections of code for sensing and behaviors. For example, a new sensor was added; students wired the sensor into the microcontroller and wrote the necessary code to read and condition the sensor data. Students then created code for each new robot behavior. The behaviors created in the lab included: escape (using IR sensors), avoid (using an ultrasonic sensor), wall following, line following and homing in on a light. Each behavior requires an appropriate sensor to trigger the activation of the behavior, a component to control what the robot should do based on the sensor data, and computing the appropriate commands for the left and right wheel motors for robot actions.
Analysis of Student Feedback
The mobile robotics course was first taught with these three enhancements in fall semester of 2010. At the end of this semester, a voluntary survey instrument was administered to gather anonymous feedback using Survey Monkey, a free online survey provider. A link to the survey was emailed to students during the last two weeks of the semester by the department secretary. To provide motivation to complete the survey, bonus points were awarded to all students based on the percentage of overall survey participation. Students completed the survey in their own time outside of class. The department secretary delivered the results of the survey to the author after course grades were turned in. The only other information given to the author was the number of students completing the survey, not the student identities. The survey consisted of ten questions: 6 questions were related to the course and course elements, 3 questions were related to the use of the CEENBoT and offerings in the program, and one final comment question. The six survey questions related to the course and course elements are analyzed in this report.
Overwhelmingly positive student feedback was derived from the fall 2010 student survey. The use of the instructional elements (the CEENBoT API, the BBC skeleton program, and the CEENBoT-based labs) was rated very high in facilitating student motivation, learning, sharpening C programming skills, providing personal engagement and a sense of satisfaction.
Student comments included:
• "This was one of the best laid out and organized classes that I've experienced in the CEEN department in four years. The work done to develop the labs and the API is spectacular and the way the course is presented helps really promote understanding of the course topics".
• "The later labs became somewhat challenging, and were actually great for teaching some of the feedback control systems."
• "The labs were perfect references for the course work we were currently engaged in."
• "The labs supplemented material learned in the classroom much better than other courses I have taken."
• "It improves your knowledge in C."
• "The CEENBoT API is very well written. It makes programming the (CEENBoT) easy and allows students to focus on the actual logic of the robot's actions".
• "Using the CEENBoTs made it a lot easier to understand new concepts."
• "The lab section of the class was interesting, fun and made the students think."
The same survey was administered in two subsequent offerings of the course.
The complete results of the three years of data for 2010, 2011 and 2013 are available from the author upon request. Highlights of this data, averaged over all 3 semesters, includes the following:
• The most common motivations for taking the robotics course were that students: Open answer responses over all 3 semesters revealed a range of student thoughts and perspectives. The majority of the individual responses affirmed the course design and elements, but there was also constructive feedback.
While most comments were expressed only once or twice, a compilation of the most frequently expressed comments is shown below.
• What improvements would you like to see in how the CEENBoT, CEENBoT API, or BBC Skeleton C-program was used in this class? o 7 out of 37 responses (19%) said no improvements were necessary; all of these elements were done very well. o 5 out of 37 (13%) indicated students should not use code developed by someone else, expressed a desire to learn how to create an API for low level programming or create their own behavior-based skeleton code in C. o 4 out of 37 (11%) felt the skeleton program should be rewritten or refined with a better coding style. o 4 out of 37 (11%) indicated a desire to have more functionality added to the CEENBoT, such as video processing, GPS, and radio.
• What general improvements would you like to see in this class? o 3 out of 31 responses (9.6%) indicated a desire to have a robot arm incorporated. o 3 out of 31 responses (9.6%) highlighted improvements were needed in lecture content and delivery to expand upon material beyond the slides. o 3 out of 31 responses (9.6%) noted problems with the CEENBoT hardware, a need for an upgrade or to reduce debugging time. o 3 out of 31 responses (9.6%) indicated that while the course required a lot of work, there was a need to make the work more technically challenging.
• What are the strengths of this class? o 5 out of 33 responses (15 %) said it gave a very good understanding of mobile robotics and they learned a lot. o 4 out of 33 responses (12%) noted hands-on experiences.
All three years illustrate that the course design proved a success in how it applied the CEENBoT to mobile robotics topics while providing a high level of satisfaction in the learning experience for students. The survey responses also pointed to future enhancements that can be addressed in the course. Future course enhancements include methods to improve lecture engagement, helping students who desire to create their own low-level code instead of using the API and/or skeleton code still achieve the higher level goals of the course, and the addition of useful functionality for advancing robotics applications with the CEENBoT. ‡ ‡ Currently under development is the incorporation of an intelligent robotics camera sensor called the Pixy, which will enable color-blob sensing for applications such as navigation and mapping using vision.
Reflection
Was it worth it? Were there benefits of developing this course around a brand new platform vs. using one of the many existing robotic platforms available? While there are many robotics platforms commercially available, [5] the motivation in this development was to use one platform for many advances that were taking place in K-16 involving members of the same team who served distinct user communities. The benefits of this work included achieving a lower cost flexible platform (under $300 cost with open source, free programming tools) that is applicable to K-12 outreach and university level courses with rapid customization of the robot from user groups' feedback, and its vertical articulation application. A strong, diverse community of users -at the department level, in cross campus collaboration with our resident college of education, outreach to metropolitan area schools, teachers and students in the state, along with collaboration on robotics education with other ECE departments around the country provided a unique synergy of development efforts. A great momentum developed around one platform. As a result, one platform can be introduced as early as elementary school, that can offer the same hardware as upper level university students challenging experiments and a platform for deeper learning in robotics. As a primary example, the annual K-12 outreach event, the Nebraska Robotics Expo, involves an average of 400 elementary, middle and high school students competing in events that are judged and are mentored by college students who use the same robot platform at the college level.
This offers a competitive advantage for serving constituents of a land grant institution with a homegrown robot that has proven its effectiveness.
Conclusion
The feedback over the three years has validated the course design, and shown the effectiveness of using student focus group feedback for providing excellent direction in course refinement and creation. Several design hurdles had to be overcome in designing a robotics course that was both effective for student learning and based upon a novel mobile robot platform. This work proved worth the additional effort due to the unique collaborations and synergies in K-16 that exist around the course's central platform.
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